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Introduction

Expression studies have shown that the angiogenic/lymphatic factor VEGFR-3, its ligand VEGF-
C and the Notch ligand, Delta4 are up-regulated in the invading blood and lymphatic vessels in human
breast cancers [1, 2]. Using mouse models, Notch signaling has been found to be essential for
angiogenesis to progress to completion in the developing embryo [3]. However, the exact mechanism(s)
by which Notch signaling regulates vasculogenesis and/or lymphangiogenesis is not well understood.
Though, it is known that Notch modulates cell-fate decisions by regulating the expression of tissue
specific genes. As many angiogenic regulators have been identified, we have focused on defining the
interactions between Notch and that of known angiogenic regulators. Using quantitative RT-PCR
analysis, we found that both VEGFR-3 and Delta4 were induced in response to an activated form of
Notch4 (Notch4/int-3) in three human primary endothelial cells (HUVEC-umbilical vein, HUAEC-
umbilical artery, & HMVEC-dermal microvascular). Taken together these data suggested a relationship
between Notch signaling and VEGFR-3. Thus, we hypothesized that Notch may regulate blood and/or
lymphatic vessel development via its induction of VEGFR-3 during physiological angiogenesis, as well
.as pathological angiogenesis and/or lymphangiogenesis in breast cancer. The overall objective of this
proposal is to define the interaction between Notch and VEGFR-3 in breast cancer. In the first year, we
proposed to study their relationship in three different settings: primary human endothelial cell cultures,
mouse embryos, and human breast tumors.

Body v
Notchl and Notch4 signal activation up-regulates VEGFR-3 at surface of endothelial cells
HUVEC HUAEC HMVEC Previously, we haq shgwn that Fhe ectopic expression
P o P P of a truncated and constitutively active allele of Notch4,
v @ VIV N4/Int-3 strongly induced the expression of VEGFR-3
=<« @ll} . g .. @MEB| VEGFR3  transcripts in three different human primary endothelial cell
e —— . lines [human umbilical vein endothelial cells (HUVEC),
L ~ “I N4/Int-3 human umbilical artery endothelial cells (HUAEC) and
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human neonatal dermal microvascular endothelial cells
(HMVEC)]. HUVEC and HUAEC are endothelial cells
isolated from specialized large vessels. Whereas, HMVEC

Fig.1 Notchd4 signaling up-regulates VEGFR-3

expression on the surface of endothelial cells.
HUVEC, HUAEC and HMVEC were infected
with Ad-LacZ or Ad-N4/Int-3 and surface
biotinylated 24 hours post infection. Western
analysis of streptavidin purified surface proteins
using an antibody against VEGFR-3. Western
analysis of total lysates using 12CAS5 (an
antibody against the HA tag of N4/int-3) and

~ anti-a-tubulin.

are derived from dermal capillaries and are comprised of
both blood and lymphatic endothelial cells. To further
characterize the interaction between Notch4 and VEGFR-3,
we determined if the induction of VEGFR-3 mRNA by
Notch4 correlated with an up-regulation of VEGFR-3
protein. HUVEC, HUAEC and HMVEC were infected with
adenoviruses encoding either N4/Int-3 or LacZ (control) at a
moi of 25 pfu/cell and 48 hours later surface-biotinylated.
The surface proteins were purified with streptavidin beads

and Western analysis performed using an antibody against VEGFR-3 (Fig. 1). Western analysis was
performed on total cell lysates to confirm the expression of N4/int-3 and a-tubulin as a control for
protein concentration of the lysates. All three endothelial cell lines infected with Ad-LacZ expressed a
low level of VEGFR-3. Consistent with an increase in VEGFR-3 transcripts in response to Notch4
signal activation, N4/Int-3 up-regulated the expression of VEGFR-3 at the cell surface of HUVEC,
HUAEC and HMVEC.




Since loss of function studies in mice
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V77V VT an overlapping role in embryonic
swiiis (D D [VEGFR-3{ sess Gl SNR angiogenesis, we wanted to determine if

. Notchl signaling could also up-regulate

o-tubulin VEGFR-3. To activate Notchl, we used a

- | N constitutively active human Notch1 adenoviral
— construct that encodes the cytoplasmic domain

| NiC of Notchl (N1IC). HUVEC and HMVEC

S e i -0l | ——— — were infected with Ad-N1IC, Ad-N4/Int-3 or
Ad-LacZ and cell surface biotinylation

Fig2. Notch4 and Notch1 both induce VEGFR-3 expression  performed 24 hours post-infection. Strept-

HMVEC were infecftefi with Ad-LacZ, Ad-Nfl/Int—'3 or Ad- analyze d by immunoblo tting (Fig 2). Both
NI1IC and surface biotinylated 24 hours post infection. : ) e x

Western analysis of streptavidin purified surface proteins Notchl and Notch4 signal activation up-
using an antibody against VEGFR-3 and o-tubulin. Western regulated VEGFR-3 to a similar level.

analysis of total lysates using 12CAS5 (an antibody against the
HA tag of N4/int-3) and antibodies against Notchl and o.-
tubulin.

Notch signaling up-regulates VEGFR-3 in
blood endothelial cells

VEGFR-3 has been suggested to function in both angiogenesis and lymphangiogenesis. HMVEC
isolated from dermis are comprised of both blood (BEC) and lymphatic (LEC) endothelial cells [20].
Since HUVEC and HUAEC are comprised solely of BECs and Notch induced VEGFR-3 in these
primary endothelial cell lines, this suggested that Notch was up-regulating VEGFR-3 in the BEC
population of HMVEC. We further wanted to determine if Notch induced VEGFR-3 in a subset of cells
or if Notch signaling increased the number of cells expressing high levels of VEGFR-3. BECs purified
from HMVEC [4] were infected with adenoviruses for N1IC, N4/Int-3 or LacZ. The following day, Ad-
infected BECs were analyzed by FACS for VEGFR-2 and VEGFR-3 expression. The percentage of
cells expressing VEGFR-2 remained unchanged between LacZ and Notch expressing BECs (Table 1). In
contrast, Notchl and Notch4 signal activation
increased the number of VEGFR-3 expressing LacZ | NotchlIC | Notch4/Int3
BECs. FACs analysis was also performed on LECs | VEGFR-2 | 77.31% | 78.34% 79.76%
infected with adenoviruses encoding activated | yvggrr3 40.08% | 76.71% 70.61%
forms of Notch or LacZ. Howevcr, the pergentage Table 1. Notch signaling up-regulatés VEGFR-3 in
of parental LECs expressing VEGFR-3 is very  ppoiiiced from HMVEC. BECs were infeced with
high and was unaffected by Notch activation (data  ¢jiner Ad-Lacz, Ad-N1IC or Ad-N4/int3 and 24 hours
not shown). We are currently attempting to inhibit post infection FACS was performed using antibodies
endogenous Notch signaling by expressing a Notch  against VEGFR-2 and VEGFR-3. Data represented as
antagonist in LECs to determine if VEGFR-3  percentage of cells expressing either receptor.
expression is perturbed. ’

The induction of VEGFR-3 by Notch in blood endothelial cells indicates that Notch may
function to regulate VEGFR-3 in angiogenesis and not lymphangiogenesis. To examine this possibility,
HMVEC were infected with adenoviruses for N1IC, N4/Int-3 or LacZ and quantitative RT-PCR
performed to determine the transcript levels of LEC specific genes, Prox1, podoplanin and LY VE-1.
Interestingly, Notch1 signaling down-regulated Prox1 and podoplanin and Notch4 induced LYVE-1
(Fig. 3). These preliminary results suggest a possible separation in function for Notchl and Notch4 in
regulating VEGFR-3 expression. Notchl may promote angiogenesis by inhibiting the lymphangiogenic




function of VEGFR-3. In contrast, Notch4 may promote a VEGFR-3 function in lymphangiogenesis.
Further experiments are necessary

:Pr?ixl to investigate this model and are
N Podoplanin . epe
BLYVE-1 currently being done. Purified

Fold induction
Shbdbiompwan

s\\ LECs and BECs will be infected
S with adenoviruses encoding either
N1IC | N4/Int.3 N1IC, N4/int-3 or LacZ and

Figure 3. Notch1 and Notch4 differentially regulate lymphatic analyzed b.y quantifative RT-PCR,
endothelial specific genes. Quantitative RT-PCR of HMVEC infected with FACS .and .lmmunoﬂoure.scence for
Ad-LacZ Ad-N1IC or Ad-N4/Int-3. Data represented as fold inductionof ~ alteration in the expression of the
Ad-N1IC or Ad-N4/Int-3 relative to Ad-LacZ Control. LEC specific genes, as well as

BEC specific genes.
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Notch signaling does not affect the expression of VEGFR-3 ligands,
VEGF-C and VEGF-D
We also wanted to ascertain if the Notch specific induction

of VEGFR-3 corresponded with an up-regulation of the ligands for
:.:.1 VEGFR-3, VEGF-C and VEGF-D. To determine their expression,
: the three primary endothelial cells lines were infected with Ad-

HUVEC HUAEC HMVEC LacZ or Ad-N4/int-3, and quantitative RT-PCR performed. VEGF-
Figure 4. Notchd signal activation does  C was expressed by all three primary endothelial cell lines, but was
g‘:fa ﬁgfarnt’fgf}% RtHuvEc Dot affected by Notch4 activation (Fig. 4). In contrast, VEGF-D
HUAEC, and HMVEC infected with . was not expressed by any of the primary endothelial cells, nor
either Ad-LacZ or Ad-N4/Int-3. Data induced by Notch (data not shown)
represented as fold induction of VEGF-C

in Ad-N4/Int-3 relative to Ad-LacZ
Control. ’
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Notch signaling within the vascular endothelium induces aberrant
VEGFR-3 expression

Having established that Notch4 activity induces VEGFR-3 expression in vitro, we next wanted to
confirm this observation in vivo by immunohistochemical analysis of mouse embryos in which Notch
activity has been altered. In collaboration with Janet Rossant at the Samuel Lunenfeld Research
Institute, Toronto, we have previously demonstrated that transgenic embryos in which Notch4 has been
constitutively activated specifically within the vascular endothelium under control of the VEGFR-1
promoter (Tiel™ %, Flk1"™*"?) die at day 9.5 of embryonic development due to hemorrhaging and
vascular disorganization [5]. To determine if Notch4 activation within the endothelium correlated with
an induction of VEGFR-3, Tiel"*%, FIk1*™*“"" and phenotypically normal Tie1***? E9.0 embryos
were provided by the Rossant laboratory. Wholemount immunohistochemistry was performed using
antibodies against the vascular endothelial cell marker, PECAM and VEGFR-3 (Fig. 5). We chose to
analyze less severely affect double transgenic embryos so that differences in VEGFR-3 expression were
due to Notch activation and not a difference in the number of endothelial cells. As compared to
Tiel"** controls, Tiel*™%, FIkI****"?embryos have less PECAM staining in the head and
rombomeres consistent with a loss of capillary vessels due to defects in angiogenesis. In contrast, the
large intersomitic vessels do not appear to be as affected in the Tiel*”™%, Flk1*Nowhin3 empryog,
Consistent with our in vitro data, VEGFR-3 was strongly expressed in the intersomitic vessels of the
Tiel"™**, Fk1"™*"3 embryos as compared to the Tiel”'*? control embryos. Since Tiel*™Z,
FIk1*"<"""3 embryos precociously express VEGFR-3 within the embryonic vasculature, we still need
to determine whether LEC specific genes are also misexpressed. Wholemount immunostaining will be




performed with antibodies against Prox1, podoplanin
and LYVE-1. Mice nullizygous for both Notchl and
Notch4 also die at E9.5 due do defects in vascular
remodeling [6]. We have re-established these lines in
our laboratory and currently generating double
homozygous null embryos for wholemount
immunohistochemical analysis. We expect that
endothelial expression of VEGFR-3 will be disrupted
in these double nullizygous embryos.

Tiel:LacZ
Tiel:LacZ Flk1:N4/int-3

Expression of Notchl, Notch4 and VEGFR-3 in
normal breast and ductal carcinoma tissue

We have begun preliminary work to determine
if VEGF-R3 and Notch4 are co-expressed in the
vasculature of human breast tissues. Immunostaining
of Smicron serial sections revealed that VEGFR-3 and
Notch4 are co-expressed in the vasculature of wild-
type breast tissue (Fig. 6). VEGFR-3 and Notch4 was
only expressed in a sub-set of the vessels, as compared
to PECAM immunostaining which markers all
vascular endothelial cells. Interestingly, Notch4 and
VEGFR-3 were also co-expressed in the wild-type
ductal epithelial cells. We have also begun to
Figure 5. Notchd signal activation in the immunostain human ductal breast carcinomas (Fig. 7).
embryonic endothelium results in precocious Notchl and Notch4 were expressed in the neovessels
VEGFR-3 expression. Wholemount surrounding the tumor cells. Botch Notch proteins
immunostaining of E9.0 Tiel+/LacZ and were also expressed in the transformed ductal cells.

Tiel+/LacZ, Flk1+N4/LacZ embryos using . . .
antibodies against the vascular endothelial cell Notch1 was expressed in the infiltrating lymphocytes

marker, PECAM and VEGFR-3. Lower panels are which is consistent with a known role for Notch in

magnified views of intersomitic vessels. lymph(')cyt.e differentiation [7]. We have yet to
determine if these vessels are blood or lymphatic.

Immunohistochemistry using
antibodies against CD34 and
LYVE-1 will be performed to
discriminate between blood and
lymphatic endothelial cells,
respectively. Immunostaining for
Notchl, Notch4 and VEGFR-3 is
currently being performed on
additional ductal carcinomas and
will be extended to other breast
tumor types. We are planning to
perform additional
immunohistochemistry analysis to
determine the expression of Delta4,

VEGFR-3 PECAM

Figure 6. Immunostaining of normal breast tissue.

A. Hemotoxylin and eosin. B. PECAM (vascular endothelial cell marker).
C. Notch4. D. VEGFR-3. E. VEGFR-3 with VEGFR-3 blocking antibody.
Red arrows indicate vessels.




Notchl, VEGF-C and VEGF-D in normal and tumor breast tissues.
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Figure 6. Inmunostaining of mammary ductal carcinoma tissue.
A. PECAM (vascular endothelial cell marker). B. Notchl. C. Notch4. Red
arrows indicate vessels. Black arrows indicate tumor cells. Blue arrow
indicates lymphocytes.

Key Research Accomplishments

* Confirmed Notchl and Notch4 up-regulates VEGFR-3 at the cell surface of primary endothelial
cells (HUVEC, HUAEC, HMVEC) consistent with our RT-PCR data.

* Using FACS, demonstrated that Notch up-regulates VEGFR-3 in blood endothelial cells (BEC)
isolated from HMVEC.

* Using embryos in which Notch signaling is specifically induced within the vascular endothelium,
demonstrated that Notch4 induced precocious expression of VEGFR-3 within the vasculature.

* Demonstrated that Notch1, Notch4 and VEGFR-3 are expressed within the vasculature of normal
breast tissue and breast ductal carcinoma tissue.
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Conclusions

The proposal objective is to define the interaction between Notch and VEGFR-3 in breast cancer.
In year one, we investigated this relationship in three different settings: primary endothelial cell cultures,
mouse embryos, and normal and malignant human breast tissue. We have completed the
characterization of Notch regulation of VEGFR-3 in primary endothelial cells and begun the evaluation
of Notch and VEGFR-3 expression in mouse embryos and human breast cancers. We confirmed that the
observed induction of VEGFR-3 transcripts by Notch4 signal activation correlated with an up-regulation
of VEGFR-3 protein at the cell surface of the primary endothelial cell lines, HUVEC, HUAEC and
HMVEC. Similar to Notch4 signaling, Notchl activation induced VEGFR-3 protein in HUVEC and
HMVEC. Using FACS analysis of BEC purified from HMVEC, we found that Notch increased the
percentage of VEGFR-3 expressing blood endothelial cells. Interestingly, quantitative RT-PCR of
HMVEC expressing either N1IC or N4/Int-3 suggests a separation in function for Notch1 and Notch4 in
regulating angiogenic and lymphangiogenic function of VEGFR-3. In year two, this result will be
examined further.  The induction of VEGFR-3 in vitro by Notch also occurred in embryos in which
Notch4 was activated within the embryonic endothelium. In the primary endothelial cell cultures, the
expression of VEGF-C, a ligand for VEGFR-3, was unaffected by Notch signal activation; while,
VEGF-D was not expressed, nor induced by Notch. Initial experiments indicate that Notch1, Notch4
and VEGFR-3 are expressed within the vasculature of normal breast and ductal carcinomas, as well as
the ductal epithelial cells. In year two, we will extend this analysis to ductal, intraductal, and lobular
carcinomas, and fibroadenomas. Immunohistochemistry using antibodies against VEGF-C, VEGF-D,
Delta4 will be performed. To discriminate between blood and lymphatic vessels, immunostaining will
also be done with antibodies against CD34 and LYVE-1, respectively.

Complication from metastatic disease is the leading cause of breast cancer-related deaths. In
breast cancer, the spread of tumor cells throughout the body is in part dependent on their access to blood
and lymphatic vessels. Thus, there is a crucial need to identify the genes involved in regulating
angiogenesis and lymphangiogenesis. Previous studies suggest that the angiogenic/lymphatic factor
VEGFR-3, its ligand VEGF-C and the Notch ligand D14 may regulate these processes in human breast
cancer [1, 2]. By examining the relationship between Notch and VEGFR-3 in both physiological and
pathological vascular development, we will increase our understanding of these processes and may
define new targets for potential cancer therapeutics.
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Notch Signaling in Primary Endothelial Cells

CARRIE J. SHAWBER, INDRANIL DAS, ESTHER FRANCISCO,
AND JAN KITAJEWSKI

Department of Pathology and OB/GYN, Columbia bUniversity, College of Physicians and
Surgeons, New York, New York 10032, USA

ABSTRACT: The Notch family of cell-surface receptors has been proposed to
regulate cell-fate decisions by modulating the ability of each cell to respond to
environmental cues. In vertebrates, gain-of-function and loss-of-function studies
have demonstrated a requirement for Notch signaling for proper patterning of
the vasculature during embryogenesis. To examine the molecular mechanisms
by which Notch regulates vascular development, we analyzed changes in gene
expression in response to Notch signaling. Notch signal transduction and func-
tion were assessed in primary human endothelial cells isolated from the dermal
microvasculature of neonates, HMVECd. We demonstrate that HMVECd cells
express a heteredimeric form of endogenous Notch4 on their cell surface. Using
an in vitro coculture assay, we found that Deltad can function as a ligand for
Notch4 in HMVECd cells. Moreover, ectopic expression of an activated allele
of Notch4 upregulated the expression of Deltad, suggesting that there may be a
regulatory loop between Notch4 and its ligand, Deltad. Notch4 activation also
induced the expression of the transcriptional repressors, HES1, HERP1, and
HERP2, as well as ephrinB2, an angiogenic factor propesed to be involved in
arterial/venous endothelial cell specification.

Keyworns: Notch; Delta; primary endothelial cells; angiogenesis

INTRODUCTION

Notch functions in an evolutionarily conserved signaling pathway that is required
for numerous cell-type specifications. In mammals, the Notch family consists of four
receptors (Notch 1-4) and has five ligands (Jagged 1-2 and Delta 1, 3, 4).! Depend-
ing on the environmental context, Notch signaling has been proposed to influence
many different types of cell-fate decisions by providing inhibitory, inductive, or
proliferative signals (reviewed in refs. 2-4). This pleiotropic function prompts the
idea that Notch interfaces with multiple signaling pathways in a spatiotemporal
manner in the embryo and adult.

Notch regulates cell-fate decisions by altering patterns of gene expression. Upon
ligand activation, the cytoplasmic domain of Notch is proteolytically released and
translocates to the nucleus where it interacts with CSL [CBF1, Su (H), Lag-2] tran-

, scriptional repressors and converts them to transcriptional activators. Both in vivo

Address for correspondence: Jan Kitajewski, Department of Pathology and OB/GYN, Columbia
University, College of Physicians and Surgeons, New York, NY 10032. Fax: 212-305-3624.
jkk9@columbia.edu

Ann. N.Y. Acad. Sci. 995: 162-170 (2003). © 2003 New York Academy of Sciences.
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and in vitro studies indicate that the HES and HERP families of transcriptional
repressors are the direct targets of Notch/CSL-dependent signaling.5-8 Expression
of HES1 or the Drosophila homologue E(Spl) has been shown to repress the expres-
sion of proneural bHLH transcription factors, preventing neuronal differentiation. !’
However, in most other cell types, the genes that HES and HERP gene products
regulate have not been identified. :

A number of observations suggest that the Notch signaling pathway may play a
role in cell-fate determination and patterning of the vascular system. Notchl,
Notchd4, Jaggedl, and DII4 are all expressed in the developing vasculature, while
Notch3 is expressed in the accessory smooth muscle cells.”~12 Moreover, gain-of-
function and loss-of-function studies in vertebrates have demonstrated that Notch is
required for proper patterning and development of blood vessel networks during
embryogenesis.11>13: 4 Mice nullizygous for Jaggedl or Notch1 and Notch4 die in
utero due to severe hemorrhaging and vascular disorganization in the embryo, yolk
sac, and intersomitic vessels.!:13 Similarly, exogenous expression of an activated
Notch4 in the developing endothelium also results in embryonic lethality due to
vascular patterning defects.!* These data suggest that appropriate levels of Notch
signaling are crucial for the development of the embryonic vasculature. Recent
experiments have also implicated Notch signaling in arterial/venous specification.
Expression analysis of E13.5 mouse embryos found that Notchl, Notch3, Notchd,
Delta4, Jaggedl, and Jagged?, expression became restricted to the arteries and was
absent from the veins.1? Consistent with the expression data, disruption of Notch
signaling in Zebrafish was associated with a loss of the arterial marker ephrinB2,
while ectopic expression of an activated form of Notch led to a loss in the venous
cell marker EphB4 within the dorsal aorta.l5 Taken together, these data suggest that
Notch signaling may function at a number of critical steps during vascular develop-
ment, including vasculogenesis, angiogenesis, and arterial/venous specification.
However, the molecular mechanism(s) by which the Notch signaling pathways
influence these different steps of vascular development has yet to be elucidated.

Here, we report our findings using the human primary endothelial cell line derived
from neonatal dermal microvasculature (HMVECd). HMVECA cells endogenously
express Notch4 and Delta4. In coculture experiments using ligand-expressing fibro-
blasts and Notch-expressing HMVECA cells, we demonstrate that Delta4 binds and
activates Notchd. Finally, we have identified a number of genes whose expression is
upregulated in response to Notch4 activation. These genes include Deltad, HESI,
HERP1, HERP2, and ephrinB2.

MATERIALS AND METHODS

Constructs

The full-length Notch4 ¢cDNA and the naturally occurring Notchd/int3 cDNA14
were engineered in the adenovirus expression vector pAd-Lox. Adenoviral stocks
were generated and titered as previously described.!% The full-length Deltad cDNA
fused in frame with a myc/His tag was engineered in the mammalian expression
vector pcDNA3.1 (Chiron). For detection with the anti-HA monoclonal 12CAS
antibody, Notch4 constructs have been tagged at their C-terminus with one copy of
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the HA epitope. The CBF1 luciferase reporter has been previously described.l” The
LacZ cDNA was engineered into both pAd-Lox and the expression vector pHyTc!®
{Genbank accession numbers for mouse Notchd4: U43691; mouse Notch4/int3:
M80456; and human Deltad: AF253468).

Cell Lines and Growth Conditions

Human primary endothelial cells derived from the dermal microvasculature of
neonates (HMVECd) were purchased from Clonetics (Maryland) and maintained
according to manufacturer’s protocol. Bosc23!9 cells were maintained in Dulbecco’s
modified medium (DMEM) containing 10% fetal bovine serum (FBS) and penicillin-
streptomycin. '

Adenoviral Infections and Westerns

Adenoviruses encoding Notch4, Notch4/int3, or LacZ were used to infect
HMVECA cells at an m.o.i. of 100 pfu/cell. At an m.o.i. of 100, Ad-LacZ infection
led to greater than 95% of the cells being LacZ-positive at 24 hours postinfection.
Twenty-four hours postinfection, LacZ and Notch4/int3HA-expressing HMVECd
were lysed in RIPA buffer (20 mM Tris, pH 7.5, 2 mM EDTA, 150 mM NaCl,
1% NP40, 1% DOC, 0.1% SDS). Lysates were separated on an 8% SDS/PAGE gel
and transferred to nitrocellulose (MSI). Western analysis was performed using the
monoclonal anti-HA antibody 12CAS (Babco) at a 1:1000 dilution in BLOTTO, and
proteins were visualized using Enhanced Chemiluminescence (ECL; Amersham) in
conjunction with a secondary antimouse IgG-HRP conjugate.

Cell Surface Biotinylation and Westerns

Twenty-four hours postinfection, parental and Notch4-expressing HMVECA cells
were incubated with 0.5 mg/mL EZ-Link Sulfo-NHS-Biotin reagent (Pierce) in PBS
supplemented with 1 mM MgCl,, 0.1 mM CaCl,, and 0.1% glucose (PBS-CMG) for
20 min at 4°C. Cells were then incubated with PBS-100 mM glycine for 15 min at
4°C and rinsed 2x with PBS-CMG to wash off excess biotin. Cells were lysed in
300 mM NaCl, 50 mM Tris, pH 8.0, 0.5% NP40, 0.5% DOC, 1 mM CaCl,, and
1 mM MgCl,. Lysates were incubated 20 min on ice and cleared. Supernatants were
then incubated overnight with 30 pL streptavidin-conjugated beads (Pierce).
Streptavidin beads were washed 3x with TENT buffer (50 mM Tris, pH 8.0, 2 mM
EDTA, 150 mM NaCl, 1% Triton X-100). Proteins were eluted in boiling sample
buffer, separated on a 7.5% SDS/PAGE gel, and transferred to PVDF membrane
(Millipore). Membranes were probed with rabbit polyclonal antisera generated
against the intracellular domain of Notch 4 (CoRb2-2) as previously described.!8

Coculture Notch/CSL Reporter Assay

HMVEC cells were plated at 8 x 10% cells/well in 12-well plates. The following
day, HMVECd cells were infected with adenoviruses encoding either Notch4 or GFP
atanm.o.i. of 100 pfu/cell. Following the adenoviral infection, HMVECd cells were
transfected using Lipofectamine 2000 (Invitrogen) containing 1.5 ug CBF1 luciferase
reporter and 0.25 pg pHyTc-lacZ. The same day, Bosc23 cells were CaPQy trans-
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fected with 25 ug pcDNA3.1 Delta4 or dsRed (Clonetech) plasmids. Twenty-four
hours posttransfection, 4 x 105 parental or Deltad-expressing Bosc23 cells were
added to each well of Notch4 or GFP-expressing HMVECA cells. The following day,
coculture lysates were collected and assayed for luciferase (Enhanced Luciferase
Assay Kit, BD) and B-galactosidase (Galacto-light Plus, Tropix) activity following
manufacturers’ protocols.

Semiquantitative RT-PCR (sqRT-PCR)

Forty-eight hours postinfection, total RNAs were isolated by guanidium thio-
cyanate-phenol-chloroform extraction?® from Notch4/int3 and LacZ-expressing
HMVEC cells. One to two pg of total RNA was DNasel (Ambion) digested
followed by first-strand syntheses using random hexamers and Superscript I reverse
transcriptase (Invitrogen). PCR primers were designed to recognize both human and
murine transcripts for Jagged1, Deltad, HES1, HESS, HERP1, HERP?, ephrinB2,
and EphB4. For each gene, human PCR amplicons were subcloned into the pDrive
PCR cloning vector (Stratagene) for use as PCR reference standards. PCR reactions
were prepared in quadruplicate for each unknown sample, as well as for a matching
serially diluted reference standard. Reactions are removed at five cycle intervals,
separated on 7% nondenaturing bis-acrylamide gels, and stained with Syber Green
(Molecular Probes). Band intensities were determined using Kodak Digital Science:
ID Image Analysis Software. A standard curve for each gene was generated from
the reference standard dilution series and the values for the unknown samples were
extrapolated. To correct for sample-to-sample variations in RT-PCR efficiency and
errors in sample quantitation, sQRT-PCR analysis of B-actin expression was used to
normalize the different RNA samples.

RESULTS AND DISCUSSION

Expression of Full-Length and Truncated Forms of Notch4 in HUVECd Cells

We chose to introduce the full-length and truncated Notch4 constructs into human
primary endothelial cells derived from the dermal microvasculature of neonates
(HMVECd) by adenoviral infection. An advantage of adenoviral vectors is in the
ability to infect primary endothelial cell cultures with 100% efficiency. Parental
HMVEC cells or HMVECA cells infected with LacZ or full-length Notch4 adeno-
viruses were biotinylated to analyze the cell-surface expression of Notch4.
Biotinylated cell-surface proteins were purified from protein lysates with streptavidin
beads, and Westerns were performed. Both full-length and a heterodimeric, furin-
processed form of Notch1 have been shown to be present at the cell surface.?! In the
HMVECA cells that ectopically expressed full-length Notchd4, both the unprocessed
(250-kDa) and processed (70-kDa) forms of Notchd were detected with antibodies
against the cytoplasmic domain of Notch4 (F16. 1A, lane 2) as compared to the LacZ
controls (F1G. 1A, lane 1). Cell surface expression of endogenous Notch4 could also
be seen as an approximately 70-kDa band after longer exposure of the Western to
film (Fic. 1A, lane 3). A slower migrating band running above the 85-kDa marker
was also observed and may represent a phosphorylated or otherwise modified form
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FIGURE 1. Western analysis of endogenous and ectopic Notch4. (A) HMVECA cells
infected with adenoviruses encoding LacZ (lane 1), full-length Notch4 (lane 2), and parental
HMVECd cells (lane 3) were cell-surface biotinylated. Biotinylated Notch4 proteins
captured with streptavidin beads were detected by Western analysis using the cytoplasmic
polyclonal Notch4 antibody (CoRb2-2). In lane 2, an unprocessed 250-kDa and a processed
70-kDa protein were detected on the surface of HMVECA ectopically expressing Notch4. A
longer exposure was necessary to visnalize the endogenous Notch4 (lane 3). Both the pro-
cessed 70-kDa and a slower migrating 85-kDa band (arrow) were detected in the parental
cells. A strong background band migrates above the 134-kDa marker that is present in both
Notch4-expressing and nonexpressing parental cell lines {data not shown). (B) Total cell
lysates from HMVECA cells infected with adenoviruses encoding either LacZ (lane 1) or
Notch4/int3HA (lane 2) were analyzed by Western analysis using the anti-HA monoclonal
12CAS5 antibody. Notch4/int3HA migrates as a 70-kDa protein.

of the processed Notch4 cytoplasmic domain.2? To constitutively activate Notch4
signaling, HMVECA cells were infected with an adenovirus that encodes Notch4/
int3HA, a naturally occurring truncated and active allele of Notch4 fused in frame
with one copy of the HA epitope tag.1823 The expression of the Notch4/int3HA con-
struct was confirmed by sqRT-PCR analysis (data not shown) and Western analysis

using the monoclonal 12CAS antibody that recognizes the C-terminal HA epitope
(F1G. 1B, lane 2).

Deltad Activates Notchd in HMUVECd Cells

The coexpression of Delta4 and Notch4 in the developing vascular endothelium
suggests that Deltad may be a ligand for Notch4. To address this hypothesis, we used
an in vitro coculture assay to determine if Deltad could activate Notchd in HMVECd
cells. In this assay, dsRed or Deltad-expressing 293 cells (Bosc23) were cocultured
with HMVECd cells infected with adenoviruses encoding either full-length Notch4
or GFP, and then transiently transfected with a CBF1-responsive luciferase reporter
and a LacZ expression construct. CBF1 is the mammalian member of the CSL family
of transcription factors. Twenty-four hours after coculturing, lysates were collected
and assayed for f-gal and luciferase activity. Notchd-expressing HMVECA cells
cocultured with Delta4-expressing Bosc23 cells transactivated CBF1 3.8-fold relative
to the cocultures with dsRed-expressing Bosc23 cells (FiG. 2). Interestingly, Notchd-
expressing HMVECA cells alone or cocultured with the control dsRed-expressing
Bosc23 cells also activated CBF1 as compared to the GFP-expressing HMVECd
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FIGURE 2. Deltad activates Notch4 in HMVECA cells. To examine whether Deltad
{D14) could induce signaling through Notch4 (N4), an in vitro coculture assay was used. D14
or dsRed-expressing control Bosc23 cells were cocultured with either Notch4 or GFP-infected
HMVECA cells that were also transfected with a CBF1 reporter and LacZ plasmid. The data
points represent the relative luciferase units (RLU) normalized for transfection efficiency by
dividing by the relative B-gal units. Data in this figure represent results from a single coculture
experiment. These coculture results have been confirmed in three separate experiments.

cells (F1G. 2). Notch signaling in the absence of ectopic Deltad expression suggests
that Notch4 may have been activated by endogenous ligands. In fact, parental
HMVECA cells express both Jaggedl and Deltad (FiGg. 3A). Consistent with our
findings in endothelial cells, ectopic expression of both Deltad and Notch4 in
Xenopus embryos upregulated the expression of the HES family members ESR-1
and ESR-7 within the neural ectoderm.? This proneural phenotype was similar to
that seen for activated forms of Notch1. Together with our results, these observations
suggest that Delta4 is a ligand for Notch4 in the endothelium.

Identification of Genes Regulated in Response to Notch4 Activation

Studies in vertebrates indicate that Notch signaling is essential for proper
vascular development in the embryo. However, the mechanism(s) by which Notch
regulates this process has yet to be elucidated. During vascular development, Notch
likely modulates cell-fate decisions by regulating the expression of genes involved
in Notch signaling and vascular development. Using sqRT-PCR, we examined
whether Notch4 signal activation altered the expression of three different categories
of genes: Notch ligands (Jagged] and Deltad), HES/HERP transcriptional repressors
(HES1, HESS, HERP1/2), and ephrins (ephrinB2, EphB4).

To activate the Notch pathway in cultured endothelial cells, we have made an
adenoviral vector that encodes the int3 allele of Notch4, Notch4/int3. The Notch4/int3
allele is a truncated cytoplasmic form of Notch4 that behaves as a gain-of-function
of Notch4 and activates the CBF1-luciferase reporter in cultured endothelial cells
(data not shown).!1® We chose to use the constitutively active Notch4/int3 construct
for two reasons: (1) the magnitude of Notch4 signaling is greater than that for ligand-
activated Notch signaling and (2) coculture assays include ligand-presenting 293 cells
that will contribute to the total RNA and obfuscate the data. HMVECd cells were in-
fected with adenoviruses encoding Notch4/int3HA and total RNA was isolated 48
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FIGURE 3. Expression analysis of Notch4/int3HA-expressing HMVECd. Semiquantita-
tive (sq) RT-PCR analysis was performed using gene-specific PCR primer pairs for (A) the
Notch ligands Jagged] and Delta4, (B) the angiogenic factors ephrinB2 and EphB4, and (C)
the bHLH transcriptional repressors HES1, HERP1, and HERP2. The bar graphs represent
the fold-expression of each gene transcript in HMVECA cells expressing Notch4/int3
relative to the HMVECA LacZ control. For each PCR, a standard curve was generated from
a serially diluted control plasmid. An R? value of greater than 0.93 was achieved for each
sqRT-PCR standard curve. Samples were normalized with sqRT-PCR values for B-actin.

-Data represent an average of two separate sqRT-PCR experiments for each gene examined.

hours postinfection. Adenoviruses encoding LacZ were also used to infect HMVECd
cells to control for alterations in gene expression due to the adenoviral infection.

The expression of both Notch4 and its ligand, Deltad, has been shown to be
restricted to the developing vasculature in the embryo.”~12 Consistent with their
overlapping expression patterns, Notch4/int3HA expression resulted in a 16-fold
increase in endogenous Deltad4 expression as compared to the LacZ control
(F1G. 3A). In contrast, activation of Notch4 did not significantly alter the expression
of Jaggedl (F1G. 3A). Since Deltad can activate Notch4 in cultured endothelial cells
(F1G. 2), this result may suggest a regulatory loop between Notch4 and Delta4 in the
vascular endothelium.

Both genetic and biochemical studies have demonstrated that the Notch/CSL
complex directly upregulates the expression of the transcriptional repressors of the
Hairy Enhancer of Split (HES) and HES-Related Protein (HERP) families in several
cell types.>~#24 In HMVEC cells, Notch4/int3HA induced the expression of HES1,
HERPI1, and HERP2 to differing degrees, from 5-fold for HES1 to over 21-fold for
HERP2 (Fic. 3C). We also examined if Notch4 signaling altered HESS expression,
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but it was not expressed in HMVECd cells (data not shown). During neuronal differ-
entiation, HES1 has been shown to inhibit the expression of proneuronal bHLH tran-
scription factors.17 Overexpression of HERP2 in human adipose tissue—derived
capillary endothelial cells blocked proliferation, migration, and network formation
in culture.2’ Thus, Notch4 may also regulate vascular development through a similar
mechanism. Howevet, proangiogenic bHLH transcription factors have yet to be
identified.

Genetic studies in Zebrafish indicate that Notch signaling is required for the
specification of the first embryonic artery by upregulating the expression of the cell-
surface ligand ephrinB2 and downregulating the expression of its receptor, EphB4.15
Consistent with these observations, expression of Notch4/int3HA in HMVECA cells
resulted in an almost 6-fold induction in ephrinB2 expression relative to the LacZ
controls (F1G. 3B). In contrast, EphB4 expression was relatively unaffected (Fic. 3B).
EphrinB2 has been proposed to be critical for the remodeling of the primary vascular
plexus and arterial endothelial cell specification.26 In Zebrafish, the expression of
ephrinB?2 within arterial endothelium was shown to be dependent on the expression of
gridlock, a homologue of HERP1.27:28 In response to Notchd activation, we found that
HERP1 and HERP2 were induced over 7- and 22-fold, respectively (FiG. 3C). These
results suggest that, in HMVECd cells, Notch4 signaling may regulate the expression
of ephrinB2 and arterial specification through the induction of HERP1 and/or HERP2.

SUMMARY

Using an in vitro coculture assay, we demonstrated that Delta4 can function as a
ligand for Notch4 in HMVECA cells. Moreover, exptession of Notch4/int3 induced
the expression of Deltad, suggesting a regulatory loop between Notch4 and its
ligand, Deltad. We also found that Notch4 activation led to an increase in the
expression of the transcriptional repressors HES1, HERP1, and HERP2, as well as
ephrinB2, an angiogenic factor proposed to be involved in arterial/venous endo-
thelial cell specification. With these analyses, we are beginning to identify the Notch
ligand/receptor pairs that function in endothelial cells and some of the target genes
regulated by Notch in the vasculature.
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Notch function in the vasculature:
insights from zebrafish,

mouse and man

Carrie J. Shawber and Jan Kitajewski*

Summary

Vascular development entails multiple cell-fate decisions
to specify a diverse array of vascular structures. Notch
proteins are signaling receptors that regulate cell-fate
determination in a variety of cell types. The finding that
Notch genes are robustly expressed in the vasculature
suggests roles for Notch in guiding endothelial and
associated mural cells through the myriad of cell-fate
decisions needed to form the vasculature. In fact, mice
with defects in genes encoding Notch, Notch ligands, and
components of the Notch signaling cascade invariably
display vascular defects. Human Notch genes are linked
to Alagille’s Syndrome, a developmental disorder with
vascular defects, and CADASIL, a cerebral arteriopathy.
Studies in zebrafish, mice and humans indicate that
Notch works in conjunction with other angiogenic path-
ways to pattern and stabilize the vasculature. Here, we will
focus on established functions for Notch in vascular
remodeling and arterial/venous specification and more
speculative roles in vascular homeostasis and organ-
specific angiogenesis. BioEssays 26:225-234, 2004.

© 2004 Wiley Periodicals, Inc.

The Notch family and its ligands

Notch and its ligands participate in an evolutionary conserved
signaling pathway that functions to modulate cell-fate deci-
sions of a variety of cell types originating from all three germ
layers.!"~® Drosophila genetics initially identified Notch as a
neurogenic gene; that is, loss of Notch was associated with
a gain in neurons.*5! Analysis of a C. elegans Notch, lin-12,
helped establish that Notch activity controls binary cell-fate
decisions during development.®®” In Drosophila, a single
Notch gene product can be activated by two distinct ligands,
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Serrate and Delta. In mammals, these families have expand-
ed to four Notch genes (Notch1-Notchd4) and five ligands,
two Serrate-like (Jagged1, Jagged2) and three Delta-like
(Delta-like1, Delta-like3 and Delta-like4).®~'" Studies in
vertebrates have implicated a role for Notch signaling in
neurogenesis,'®'?) retinal development,®~22 somitogen-
esis;®3~2) adipogenesis, ® limb development,?” mygogen-
esis,{18:28.29 and hematopoiesis.@9-28) |n addition, mutations
in Jagged1, Notch1, Notch1/Notch4 or components of the
Notch signaling cascade in mice result in embryonic lethality
associated with severe vascular defects,®”~*% and zebrafish
genetics have demonstrated that Notch functions in arterial/
venous specification. 4041

Notch signal transduction

Depending on the cellular context, Notch signaling has been
found to inhibit as well as induce differentiation, induce pro-
liferation and promote cell survival.®® 4243 The Notch signaling
pathway modulates this diverse array of cell-fate decisions
by regulating the expression of genes in a cell-type-specific
manner. Both receptors and ligands are membrane-spanning,
cell surface proteins (Fig. 1). The cell surface localization of
both ligand and receptor is consistent with their regulation
of cell-fate decisions via direct cell-cell interactions. Notch
proteins exist as heterodimeric receptors with an extracellular
and an intracellular peptide held together by non-covalent
interactions (Fig. 1). This processing of Notch occurs via a
furin-like protease prior to ligand activation.*¥ Upon ligand-
binding, the cytoplasmic domain of Notch is released from
the cell surface by a presenilin-dependent proteolytic clea-
vage.®45) The intracellular Notch peptide then translocates
to the nucleus, interacts with the CSL (CBF, Su (H), Lag-2)
transcriptional repressor, and converts it to a transcriptional
activator.+%6-48) The Hairy/Enhancer of Split (HES) and
HES-related (Hey, CHF, HRT, HESR) genes are the direct
targets of Notch/CSL-dependent signaling.“®%® The HES
and Hey genes constitute two subfamilies of the bHLH-
Orange domain family of transcriptional repressors. Notch
also signals by a CSL-independent pathway, and recent
studies in Drosophila suggest that this pathway is de-
pendent on the transcription factor Deltex.22%5") Negative
regulation of Notch is accomplished in part by a SEL-10/

BioEssays 26:225-234, © 2004 Wiley Periodicals. Inc.
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Figure 1. Schematic of Notch signal transduction.

ubiquitin-dependent pathway that promotes protein turnover
that results in Notch signal inactivation.©2-54

Vascular remodeling and stabilization

During embryogenesis, formation of the cardiovascular
system is an early and essential process. Vascular develop-
ment initiates with the differentiation of endothelial precursors,
the angioblasts, into endothelial cells.®5%®) These cells then
gather together to form a primitive vascular network of uni-
formly sized vessels composed entirely of endothelial cells by
the process of vasculogenesis. This rudimentary vascular
plexus is then remodeled to form the veins, arteries and
capillaries via angiogenesis. Angiogenesis is a multistep
process involving the breakdown of the extracellular matrix,
sprouting of cells from pre-existing vasculature, survival and
proliferation of these cells, migration of cells away from the
existing vessels, morphogenesis to form tubes, and recruit-
ment of accessory cells. Disruption of any of the steps of
angiogenesis will disrupt the remodeling of the primitive

vasculature and often result in similar phenotypes in vivo.
The first indications that Notch might function in vascular
development came from expression analysis of Notch1®?
and Notch4.¢'?) In particular, Notch4 was found to be speci-
fically expressed in developing vessels,!'6-59)

Studies in mice have demonstrated that Notch function is
essential for the remodeling of the rudimentary vascular
plexus. It is through these analyses that Notch has been
established to be an angiogenic regulator. Mouse embryos
deficient for Jagged1, Notch1, Notch1/Notchd, or the pre-
senilins (PS1 and PS2), die between E9.5-10.5 and display
severely disorganized vasculature.®” 29 Mice nullizygous for
Notch1 die as embryos with severe neuronal and somitic
defects.®*59 However, some Notch1-deficient embryos also
display vascular defects resembling, but often less severe
than, those observed in the Notch1/Notch4 double nulls.®®
Thus, Notch1 and Notch4 are functionally redundant during
vascular development. In Notch or Jagged1 mutant embryos,
vasculogenic formation of the head, yolk sac and intersomitic
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vessels is unaffected. Instead, there is a failure to reorganize
these rudimentary vessels into large vessels and branching
capillaries. Transgenic mice in which an activated form of
Notch4 is expressed in embryonic endothelium also display
similar defects in vascular remodeling and die at £10.5.¢%
Therefore, appropriate levels of Notch signaling in endothelial
cells are critical for embryonic vascular development. In all
these mouse models, initial establishment of the vascular
network does not appear to be significantly compromised,
indicating that these Notch proteins and ligands are not
required for vasculogenesis, but are essential for angiogen-
esis. Many different signaling pathways (VEGF/ephrin/angio-
poietin/PDGF) are essential for the complex process of
vascular remodeling to proceed to completion.®'~69 Both
invivo and in vitro data suggest that Notch signaling interfaces
with several of these angiogenic signaling pathways.

An important component of vascular remodeling is the
endowment of newly formed vessels with accessory cells.
These recruited mural cells are essential for vessel stabiliza-
tion and promote endothelial cell survival. In embryos that
express activated Notch4 in endothelial cells, dilation of the
aortae is associated with a failure of the recruited vascular
smooth muscle cells to organize around the endothelial
cells.® This phenotype is similar to that observed for mice
nullizygous for PDGF-B and PDGFR-$.%3%4 |n these PDGF-
deficient mice, vasculogenesis does not rely on the re-
cruitment of vascular accessory cells, but the subsequent

remodeling does depend on mesenchymal-endothelial cell
interactions. Thus, one may speculate that the Notch and
PDGF pathways function to direct endothelial~mural cell
interactions (Fig. 2A). In contrast to the dilated aortae and
anterior cardinal veins of embryos with Notch4 activation,
loss of Notch1 or Notch1/Notch4 results in a collapse or
discontinuity of these vessels.®86% Thus, the failure of Notch
mutant embryos to remodel their vasculature may be due
partly to defects in the organization of the perivascular cells.
Consistent with this hypothesis, Notch3 and Jagged1 are
expressed in the vascular smooth muscle cells of the aorta,
and expression of Notch1, Notch4 and Jagged2 is restricted to
the endothelial cells of E13.5 embryos.{'7:7%) Notch signaling
may provide a mesenchymal—endothelial cell signal that aids
in the stabilization of the newly formed vasculature.

The vascular remodeling and aortic defects may either be
due to a failure of endothelial cell autonomous Notch signaling
or a defect in Notch signaling to neighboring accessory cells.

Distinguishing these two potential activities may be difficult as

both endothelial and vascular smooth muscle cells express
multiple Notch proteins and Notch ligands. Mouse models that
allow cell-type-specific mutation of Notch genes in either the
endothelial or perivascular cell may help resolve this issue.
It is also important to explore the potential collaborative or
complementary efforts of the Notch and PDGF signaling
pathways in vascular smooth muscle cell organization or
stabilization. '

Notchl
Notch4 NS
? lEndoﬁ\elial

PDGF-B B
Hey

A B Pathways fo Arteriogenesis
Pathway to VEGF Shh
Endothelial/Mural
Cell Interactions ‘ VEGF
Deltc-like 4 +

Gridlock
/ \' Notch2 or PDGF-B-deficient mice. B: Model for the

EphrinB2 EphrinB2 Flt4  ligand Dettad, whereas activation of Notch upregulates

Mouse ZBEYC?ffSﬁ and VEGF; while, Notch activity upregulates ephrinB2

Figure 2. Notch interacts with angiogenic signaling
pathways in vasculature. Az A speculative model as to
how Notch regulates endothelial-mural cell interactions
during vascular development based upon the observation
that mice mutant for Notch bear similarities to PDGF-B/
PDGFR-B mutant mice. Disruption of Notch1 and Notch4,
PDGF-B, or PDGFR-B results in a failure of vascular
smooth muscle cells to organize around the developing
aorta. Similarly, the specialized vascular mural cell of the
glomerulus, the mesangial cell, is absent in the kidney of

interaction between Notch and angiogenic signaling
pathways in arteriogenesis. In human endothelial cells,
VEGF induces the expression of Notch and the Notch

the expression of ephrinB2. In zebrafish arterialivenous
specification, Notch acts genetically downstream of Shh

and inhibits flt4 expression.
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Arterial/venous specification
Arteries and veins are morphologically, functionally and
molecularly unique. The molecular mechanisms governing
differentiation and organization of the rudimentary vessels into
arteries and veins are just now being uncovered. In mammals,
a role for Notch in arterial/venous specification has been
inferred from expression studies. Notch family members and
Notch ligands are expressed throughout the vasculature early
in development, but later become restricted to the arteries.
This can be seen most clearly in developing heart outflow
tracts and male gonads of the mouse. At embryonic day 9.5,
Notch4 expression is first observed in the anterior cardinal
vein.{'" By E13.5, Notch4 is absent from the vena cava, which
develops from the anterior cardinal vein, but is expressed in
the endothelial cells of the aorta.'”-7® In the aorta, Notch4
expression overlaps with Notch2, Jagged1 and Jagged2.(™®
In the developing E11.5 male gonad, Notch1, Notch4 and
Delta-like4 are expressed in both the venous and arterial
endothelial cells.”"!) By the following day, the expression of
these genes becomes restricted to the arterial vessels. This
transition in expression suggests a role for Notch in the
regulation of arterial/venous endothelial cell specification or
in the maintenance of the arterial phenotype. In fact, recent
experiments demonstrate that Notch signaling functions in
zebrafish arterial/venous-specification. During development
of the zebrafish dorsal aorta, loss of Notch or the downstream
Notch-target gene gridlock leads to a loss in the arterial cell
marker ephrinB2 and an increase in the expression of the
venous marker, EphB4.*%4") Conversely, constitutive activa-
tion of Notch suppressed the expression the venous cell
marker flt4.® Thus Notch, through the induction of gridiock,
may promote the development of the embryonic artery and
inhibit the differentiation of the vein. Consistent with the
zebrafish genetics, ectopic expression of an activated form of
Notch4, upregulated ephrinB2 in cultured human microvas-
cular endothelial cells.”? In fact, the ephrinB2 knockout
mice closely resemble mice deficient for Notch1 or Notch1
and Notch4./'69 Whether the Notch-specific induction of
ephrinB2 also occurs via the mammalian homolog of gridlock,
Heyz2 still needs to be ascertained. Mice nullizygous for Hey2
do not display defects in arterial specification.”>~"> This may
be due to functional redundancy with Hey1, which is often co-
expressed with Hey2 in arterial endothelial cells.® Consis-
tent with this hypothesis of redundancy, mice nullizygous
for both Hey1 and Hey2 display a constriction of the aortae,
though not loss of the major arteries.®

The use of zebrafish genetics has also led to the identi-
fication of genes acting upstream of Notch. These studies
demonstrate that Sonic Hedgehog (SHH) is required for the
induction of VEGF-A and arterial specification.”” in turn,
VEGF-A induced the expression of Notch, while ectopic
expression of Notch rescued ephrinB2 expression in the ab-
sence of VEGF-A. Does this cascade also exist in mammals?

In atransgenic mouse model, ectopic expression of VEGF-Ain
the heart preferentially promoted an increase in capillaries that
expressed ephrinB2.(® Moreover, sensory neurons and
8chwann cells in vitro, which express VEGF-A endogenously,
induce the expression of an arterial marker in isolated
embryonic endothelial cells.”™ Thus, similar to zebrafish,
VEGF-A may also regulate arterial specification through the
upregulation of Notch in mammals. In fact, VEGF-A induced
both Notch1 and Delta-like4 in cultured human iliac arterial
endothelial cells.®® Taken together, these data demonstrate
that arterial/venous specification occurs via VEGF-A/Notch
signaling cascade resulting in the upregulation of the arterial
endothelial cell marker ephrinB2 (Fig. 2B). These findings
place Notch squarely in the midst of other known angiogenic
regulators, in this case VEGF and ephrinB2. Whether these
signaling pathways regulate each other directly or indirectly
needs to be determined. Our understanding of the molecular
mechanisms by which Notch regulates arterial/venous speci-
fication may likely provide insights into the pathological
angiogenesis that support cancer growth.

Vascular homeostasis

Insights into a function for Notch in vascular homeostasis can
be drawn from the human neurovascular disorder, Cerebral
Autosomal Dominant Arteriopathy with Subcortical Infarcts
and Leukoencephalopathy (CADASIL). In a majority of
patients, CADASIL has been found to correlate with missense
mutation in Notch3. CADASIL is a late-onset (average age
of 45) autosomal dominant disorder characterized by mi-
graines with aura and recurrent strokes that lead to psychiatric
symptoms, progressive cognitive decline, dementia, and
death.®" These neuropathological symptoms arise second-
ary to a slow developing arteriopathy, associated with the
disorganization and destruction of the vascular smooth muscle
cells surrounding the cerebral arteries and arterioles (Fig. 3).
Regression of vascular smooth muscle cells is associated with
a decrease in vessel wall thickness, a loss of extracellular
matrix and vessel wall weakness.®® Within the vascular
smooth muscle cells, there is an accumulation of the ex-
tracellular domain of Notch3 and an abnormal deposition of
particles in the extracellular matrix, referred to as granular
osmophilic materials (GOM) (Fig. 3).®® In this disorder,
arterial lesions are not restricted to the brain and are found in
arteries of the skin and retina.83-8%)

The CADASIL phenotype correlates with the expression of
Notch8 in vascular smooth muscle cells.7%#" The hypothesis
being that Notch3 functions to maintain celi—cell interactions
or communication between vascular smooth muscle cells
and arterial endothelial cells. A recent study has recreated
the CADASIL vessel pathology in transgenic mice that
express a Notch3 transgene encoding the CADASIL RS0C
mutation specifically in vascular smooth muscle cells.©®
The vasculature of these mice showed classic CADASIL
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endothelial cell

lumen

Figure 3. Vesselpathology in CADASIL skin biopsies. Normal vesselin left panel displaying vessel architecture and tight contact between
vascular smooth muscle cells (red arrow). CADASIL vessel in right panel displaying poor contact between vascular smooth muscle cells
(blue arrow) and GOMs being shed by vascular smooth muscle cells.

arteriopathy, including GOM deposits and Notch3 accu-
mulation. However, these hallmarks were preceded by the
disruption of anchorage and adhesion of vascular smooth
muscle cells to neighboring cells followed by degeneration of
the vascular smooth muscle cells. Thus, CADASIL results
from reduced vascular smooth muscle cell contact and
viability and the GOM deposition and accumulation of the
extracellular domain of Notch3 are secondary consequences
of this cellular deterioration. Consistent with a role for Notch3
in cell survival, expression of a constitutively active form of
Notch3 in rat aortic smooth muscle cells resulted in the
induction of cFlip, an antagonist of Fas-dependent apopto-
sis.®” In addition, ectopic expression of Hey1 in cultured
vascular smooth muscle cells promoted cell survival via Akt
and thus inhibited apoptosis in response to serum starvation
and Fas ligand.®®® Taken together, these data indicate that
Notch3 maintains arterial vessel homeostasis by promoting
vascular smooth muscle cell survival. The resulting arterial
vessel wall leakiness could arise from vascular smooth muscle
cell death or a failure of vascular smooth muscle cells to
communicate to their neighboring endothelial cells. Disruption
of Notch3 activity in mice may help define the nature of this
defect.

The specific activity of CADASIL mutant Notch3 proteins
is still poorly understood. One complication in interpreting
mutant Notch3 function arises from conflicting in vitro studies
that have shown that truncated cytoplasmic Notch3 can either
inhibit or activate the CSL transcription factor. %9

Organ-specific angiogenesis

Studies of the Alagille syndrome (AGS) implicate Notch
signaling in organ-specific angiogenesis. In humans, muta-
tions in the Jagged! gene have been identified in 60-70%
cases of AGS, a dominant, pleiotropic developmental disorder
with phenotypic abnormalities of the liver, heart, kidney, eye,

vertebrae, limbs and facial features. This wide spectrum of
defects correlates with the dynamic expression of Jagged1 in
the embryo.®'~°% The observed defects in the liver, heart and
kidney have notable vascular features. A relationship between
Notch signaling and AGS has been further elucidated by the
phenotypes of two mouse mutants. Mice homozygous for a
hypomorphic allele of Notch2%'!, or doubly heterozygaus for
Noteh2®"" and Jagged1, phenocopy the hepatic, cardiac and
renal defects of AGS (Fig. 4).394 Thus, Notch2 and Jagged1
may function as a ligand/receptor pair during the specialized
vascular development in these organs.

Genetic characterization of AGS patients have found that
the mutations in Jagged1 include entire gene deletions (6%),
protein truncations due to insertions, deletions, nonsense and
splice site mutations {82%) and missense mutations (12%).©5
The missense mutations are clustered within the extra-
cellular domain of Jaggedi. Patients with large deletions
encompassing the entire Jagged1 allele have phenotypes
similar to those involving intragenic mutations, indicating that
AGS results from Jagged1 haploinsufficiency.®>°®) Consis-
tentwith this hypothesis, two Jaggedi AGS missense mutants
(R148H and L378) do not activate Notch using an in vitro
assay and instead improperly accumulate in the endoplasmic
reticulum.®” Moreover, mice heterozygous for a null allele of
Jagged1 and a hypomorphic allele of Notch2 display many of
the same defects as AGS patients.®®®°* In contrast, some
patients have been identified with Jagged1 missense muta-
tions that do not have the five major signs of AGS, but present
with isolated cardiac or hepatic defects.®®%®) Thus, there may
be a correlation between genotype and phenotype for some
Jagged1 mutations or some organs require higher levels of
Notch activity than others during development.

Most AGS patients are diagnosed with liver disease due to
a paucity of bile ducts.®® A similar liver phenotype has been
observed in mice heterozygous for Notch2%''/Jagged1.©®¥
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Figure 4. Heart and kidney defects in mice with
Jagged1/Notch2 mutations ®>*" A: Heart from
wild-type mouse with normal ventricular septum
(black arrow). B: Ventricular septal defect (black
arrow) in heart of Jagged1/Notch2 double hetero-
zygous mice. €: Kidney from wild-type mouse with
glomerulus (black arrow). Dz Defective glomeruli
in mice homozygous for hypomorphic Notch2
mutation. Glomerulus with capillary aneurism
(yellow arrow).

During hepatic development, the hepatoblasts juxtaposed
to the portal vein differentiate into epithelial cells of the bile
duct.!"% Consistent with Jagged1 functioning in bile duct
development, Jagged1 is expressed in the endothelial cells
and non-endothelial supporting cells of the portal veins and
Notch2 is expressed in the surrounding cells.®® In the liver,
defects in bile duct differentiation may result from the disrup-
tion of Jagged1 signaling in endothelial and mural cells of the
portal vein to Notch2 in the neighboring epithelial cells that
give rise to the bile ducts.

90% of AGS patients present with cardiac malformations
including defects in the pulmonic valve, pulmonary artery and
its branches, ventricular and atrial septation, aortic stenosis,
coarctation, and tetralogy of Fallot.®%'°" These varied
defects correlate with the dynamic expression of Notch and
Notch ligands in the developing murine heart. AtE12.5-13.5,
the heart undergoes remodeling of the outflow tract and
aortic arch arteries; inter-atrial and inter-ventricular septation
is established and early development of the cardiac valves is
initiated. At E12.5, Notch1 and Notch2 are expressed in the
endothelial cells of the aorta.®" The following day Notch2
expression is absent in the aorta;" while the expression of
Notch1 is maintained and overlaps with Notch4, Jaggedi and
Jagged2./7%92) At this embryonic stage, Jagged1 is also co-
expressed with Notch2 in the pulmonary artery, walls of
the atria and the ventricular myocardium.7%°"92 ynlike the
receptors, the expression of Jagged1 is not restricted to the
endothelial cells, but extends into the surrounding vascular

mural cells of the aorta and atria."%%? Thus, Jagged1 in mural
cells may signalto one or more of the Notch proteins expressed
in the endothelial cells.

Consistent with its expression in the developing heart, half
of Notch2%"" homozygous embryos die prior to E16.5 due to
severe heart defects.®® At E11.5, the Notch2®'! homozy-
gotes exhibit pericardial effusion and thinning of the myocar-
dial wall surrounding the endocardium. Jagged1 via Notch2
may regulate multiple events during heart development as
mice heterozygous for Notch2®'" and a Jagged1 null allele
display multiple heart-related defects, including right ventri-
cular hypoplasia, narrowing of the pulmonary artery, atrial and
ventricular septation defects and dextropositioning of the
aorta®? (Fig. 4). Mice nullizygous for the Notch-target gene,
Hey2, display similar heart defects to those observed in
Notch2%""/Jagged1 doubly heterozygous mice.~7% In sup-
port of this relationship, expression of Notch2 coincides
with Hey2 in the outflow tracts of the heart.73-7593.99) Thyg,
Jaggedi/Notch2 signaling may induce the expression of
Hey?2 to regulate heart development. Whether the defects in
heart development arise from a loss of Notch activity within
either the mural or endothelial cells is unclear and should
be addressed with tissue-specific disruption of Jagged1 or
Notch2.

Renal anomalies also occur in 23-74% of AGS patients
studied. Insights into the renal defects in AGS patients may
be drawn from mice homozygous for Notch2%®'" and doubly
heterozygous for Notch2%®'"! and Jagged1. Half of the mice
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homozygous for Notch2%'" survive until birth, but die peri-
natally from defects in renal glomerular development.®®®
Vascularization of the glomeruli begins with migration of
endothelial cells into the glomerular cleft. These endothelial
cells form capillary loops that branch to form complex capillary
tuts. Development of the glomeruli begins in Notch2%'! mice,
but appears to arrest at the capillary loop stage.®®® In a portion
of the glomeruli, the capillary tufts are absent; while, in other
glomeruli, the capillary tufts display what seem to be capillary
aneurysms (Fig. 4). In these mutant glomeruli, specialized
vascular smooth muscle cells, mesangial cells, are entirely
absent. One can speculate that this loss leads to a decrease in
integrity or stabilization of the vascular beds. These capillary
“aneurysm-like” structures have also been observed in
mice nullizygous for PDGF-B and PDGFR-B.63%% In the
PDGF-B and PDGFR-pB mice, these structures arise due to a
disruption in mesangial cell differentiation. In fact, PDGFR-B-
positive mural cells are not recruited into the developing
glomeruli of Notch2%'! homozygous mice.®® As for the aorta,
a relationship may exist between the Notch and PDGF path-
ways thatfacilitates proper endothelial-muralinteractioninthe
kidney (Fig. 2A). Mice heterozygous for Notch2%"
and Jagged1 have a similar but less severe renal pheno-
type, suggesting that Jagged1 functions as a ligand for
Notch2 in the vascularization of the renal glomeruti.®® In fact,

Jagged1 is expressed in endothelial cells and/or mesangial
cells and Notch2 is expressed in surrounding podocyte
precursors.©3

The defects in the liver, heart and kidneys of AGS patients
strongly indicate that Jagged1 functions in organ-specific
angiogenesis. However, the pleiotropic phenotype of AGS
alsodemonstrates a requirement for Jagged1/Notch signaling
in other cell types besides endothelial and mural cells, such as
those that form the vertebrae, eyes, limbs and face.

Concluding comments

In addition to roles for Notch in the embryo and adult arterial
vessels, Notch signaling may function during other types of
physiological and pathological angiogenesis in the adult.
In mice nullizygous for presenilin 2, a protease that functions
in Notch activation, hemorrhaging and apoptotic cell death
of epithelial and vascular endothelial cells is observed
within the lung.®” In a murine wound model, an increase in
Jagged1 expression is observed in the proliferating endothe-
lial cells.!"® Similarly, Delta-like4 expressionis upregulated in
the invading vasculature found in human tumor xenografts in
mice and in the blood vessels of human kidney and breast
cancers.('® Thus, Notch signaling is potentially implicated in
angiogenesis in both physiological and pathological angiogen-
esis. Determination of roles for Notch may benefit from insights

A. Cell fate determination
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Figure 5. Two models for Notch function in the vasculature. A: Cell-fate determination: as seen during arterial/venous differentiation.
B: Cell maintenance: communication between vascular cells required to maintain cell viability.

B. Cell maintenance

Vascular Smooth

Maintenance of
EC and VSMC

BioEssays 26.3 231



Review articles

into the mechanism by which Notch functions in angiogenesis,
vessel specification and vessel homeostasis. '

It is attractive to pair the observation that Notch regulates
binary cell-fate decisions with the recent experimental impli-
cation of Notch function in arterial/'venous endothelial cell
specification (Fig. 5). In zebrafish, arterial/venous specifica-
tion occurs via a SHH-VEGF-A—~Notch—ephrinB2 regulatory
cascade. Studies in mammals are beginning to confirm that
portions of this pathway may also function during arterial/
venous specification. Cell lineage analysis in Xenopus and
zebrafish suggests that specification of arterial and venous
endothelial cells may occur as early as the angioblast stage
prior to the formation of the primitive vascular plexus.®1%4) |f
thisis the case, does Notch functionin the early endothelial cell
precursor to establish the arterial and venous cell fates?
This implies that arterial/venous specification is not essential
for vasculogenesis, but may be required for angiogenesis
to progress. If this is the case, then defects in vascular
remodeling in mutant Notch embryos may arise because of a
failure of early arterialivenous endothelial cell specification.

A common theme that emerges from studies of Notch
defects in mice and humans is the absence or loss of cells
within the vasculature, such as the mesangial cells in
Notch2%'! homozygous mice, and the vascular smooth
muscle cells in CADASIL. This points to a role for Notch in
maintenance or stabilization of the cells that contribute to
blood vessels, possibly at stages after key cell-fate decisions
have been made (Fig. 5). During angiogenesis, these ac-
cessory cells are not only essential for the stabilization of the
vasculature, but are also necessary for vascular remodeling.
Does this reflect subtleties in cell-fate decisions gone awry, or
unexpected functions for Notch in organizing and mainte-
nance of accessory cells in the vasculature? These functions
dovetail well with the known functions of PDGF-B and PDGFR-
B; however, the relationship between Notch signaling and
these signaling cascades has yet to be defined.

Both cell-fate determination and maintenance of endo-
thelial-mural interactions must depend on cell-contact-de-
pendent signaling, a form of signaling in which Notch proteins
specialize. Future progress in understanding Notch function
in the vasculature may depend on knowing more about the
timing and mechanism of vessel specification. Looking to new
frontiers in Notch research, one anticipates discoveries
relating to the genesis of endothelial and smooth muscle cells,
the differentiation and mobilization of adult endothelial stem
cells, and the re-awakening of blood vessel growth in tumors.

Acknowledgments

We would like to thank Tom Gridley and Steve Chin for pro-
viding pictures. We thank Jessica Kandel, Darrell Yamashiro,
Anne Joutel, Carolina Mailhos, Steve Brown, Donald
McDonald, Nancy Spinner, Tom Gridley, Nikki Feirt, and Indy
Das for critical review of the manuscript.

References

1.

2.

12.

13.

14.

18.

16.

17.

10.

20.

21.

22.

23.

24.

25.

Fortini ME, Artivanis-Tsakonas S. 1993. Notch: neurogenesis is only
part of the picture. Cell 75:1245-1247.

Greenwald 1. 1998. LIN-12/Notch signaling: lessons form worms and
flies. Genes Dev 12:1751-1762.

Weinmaster G. 1997. The Ins and Outs of Notch Signaling. Mol Cell
Neurosci 8:91-102.

Kidd S, Lieber T, Young MW. 1998. Ligand-induced cleavage and
regulation of nuclear entry of Noich in Drosophila melanogaster embryos.
Genes Dev 12:3728-3740.

Artavanis-Tsakonas S, Matsuno K, Fortini ME. 1995. Notch signaling.
Science 268:225-232.

Yochem J, Weston K, Greenwald |. 1988. The Caenorhabditis elegans
lin-12 gene encodes a transmembrane protein with overall similarity to
Drosophila Notch. Nature 335:547-550.

. Roehl H, Bosenberg M, Blelloch R, Kimble J. 1996. Roles of the RAM

and ANK domains in signaling by the C. efegans GLP-1 receptor.
EMBO 15:7002-7012.

Shawber C, Boulter J, Lindsell CE, Weinmaster G. 1996. Jagged2: a
serrate-like gene expressed during rat embryogenesis. Dev Biol 180:
370-376.

. Shutter JR, Scully S, Fan W, Richards WG, Kitajewski J, Deblandre GA,

Kintner CR, Stark KL. 2000. Dll4, a novel Notch ligand expressed in
arterial endothelium. Genes Dev 14:1313-1318.

. Weinmaster G, Roberts VJ. Lemke G. 1992. Notch 2: a second

mammalian Notch gene. Development 116:931-941.

. Weinmaster G, Roberts VJ, Lemke G. 1991. A homolog of Drosphila

Notch expressed during mammalian development. Development 113:
199-205.

Gallahan D, Callahan R. 1997. The mouse mammary tumor associated
gene INT3 is a unigue member of the NOTCH gene family (NGTCH4).
Oncogene 14:1883-1890.

Betienhausen B, Hrabe de Angelis M, Simon D, Guenet JL, Gossler A.
1995. Transient and restricted expression during mouse embryogen-
esis of DI, a murine gene closely related to Drosophila Delta.
Development 121:2407-2418.

Lardelli M, Dahlstrand J, Lendahl U. 1894. The novet Notch homologue
mouse Notch3 lacks specific epidermal growth factor-repeats and is
expressed in proliferating neuroepithelium. Mech Dev 46:123-136.
Lindsell CE, Shawber CJ, Boulter J, Weinmaster G. 1995. Jagged: A
mammalian ligand that activates Notch1. Cell 80:909-917.
Dunwoodie SL, Henrique D, Harrison SM, Becdington RS. 1997. Mouse
DII3: a novel divergent Delta gene which may complement the function
of other Delta homologues during early pattern formation in the mouse
embryo. Development 124:3065-3076.

Uyttendaele H, Marazzi G, Wu G, Yan Q, Sassoon D, Kitajewski J.
1996. Notch4/int-3, 2 mammary proto-oncogene, is an endothelial cell-
specific mammalian Notch gene. Development 122:2251-2259.

. de la Pompa JL, et al. 1997. Conservation of the Notch signalling

pathway in mammalian neurogenesis. Development 124:1139-1148.
Kopan R, Nye JS, Weintraub H. 1994. The intracellular domain of
mouse Notch: a constitutively activated repressor of myogenesis
directed at the basic helix-loop-helix region of MyoD. Development
120:2385-2396.

Henrigue D, Hirsinger E, Adam J, Le Rous |, Ish-Horowicz D, Lewis J.
1997. Maintenance of neuroepithelial progenitor cells by Delta-Notch
signalling in the embryonic chick retina. Curr Biol 7:661-670.

Dorsky RI, Chang WS, Rapaport DH, Harris WA. 1997. Regulation of
neuronal diversity in the Xenopus retina by Delta signalling. Nature
385:67~70.

Ahmed |, Dooley CM, Polk DL. 1997. Delta-1 is a regulator of neuro-
genesis in the vertebrate retina. Dev Biol 185:92-103.

Oka C, et al. 1895, Disruption of the mouse RBP-Jkappa results in early
embryonic death. Development 121:3291-3301.

Conlon RA, Reaume AG, Rossant J. 1995, Notcht is required for the
coordinate segmentation of somites. Development 121:1533-1545.
Dornseifer P, Takke C, Campos-Ortega JA. 1997. Overexpression of a
zebrafish homologue of the Drosophila neurogenic gene Delta perturbs
differentiation of primary neurons and somite development. Mech Dev
63:158-171.

232 BioEssays 26.3




Review articles

26.

27.

28.

29.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Garcés C, Riuz-Hidalgo MJ, de Mora JF, Park C, Miele L, Goldstein J,
Bonvini E, Porras A, Laborda J. 1997. Notch-1 controls the expres-
sion of fatty acid-activated transcription faclors and is required for
adipogenesis. J Biol Chem 272:20729-29734.

Jiang R, Lan Y, Chapman HD, Shawber C, Norton CR, Serreze DV,
Weinmaster G, Gricley T. 1998. Defects in limb, craniofacial, and thymic
development in Jagged2 mutant mice. Genes Dev 12:1046-1057.
Nofziger D, Miyamoto A, Lyons KM, Weinmaster G. 1999. Notch
signaling imposes two distinct blocks in differentiation of C2C12
myoblasts. Development 126:1689-1702.

Shawber C, Nofziger D, Hsieh JJ, Lindsell C, Bogler O, Hayward D,
Weinmaster G. 1996. Notch signaling inhibits muscle cell differentiation
through a CBF1-independent pathway. Development 122:3765-3773.

. Pear WS, Aster JC, Scott ML, Hasserjian RP, Soffer B, Sklar J, Baltimore

D. 1996. Exclusive development of T cell neoplasms in mice
transplanted with bone marrow expressing acitvated Notch alleles. J
Exp Med 183:2283-2291.

Robey E, Chang D, ltano A, Cado D, Alexander H, Lans D, Weinmaster
G, Salmon P. 1996. An activated form of Notch influences the choice
between CD4 and CD8 T cell lineages. Cell 87:483-492.

Li L, Milner LA, lwata M, Banta A, Graf L, Marcovina S, Friedman C,
Trask BJ, Hood L, Torok-Storb B. 1998. The human homolog of rat
Jagged1 expressed by marrow stroma inhibits differentiation of 32D
cells through interaction with Notch1. Immunity 8:43-55.

Capobianco AJ, Zagouras P, Blaumueller CM, Artivanis-Tsakonas S,
Bishop JM, Capobianco AJ, Zagouras P, Blaumueller CM, Artivanis-
Tsakonas S, Bishop JM. 1997. Neoplastic transformation by truncated
alleles of human NCTCH1/TAN1 and NOTCH2. Mol Cell Bio! 17:6265-
6273.

Washburn T, Schweighoffer E, Gridley T, Chang D, Fowlkes BJ, Cado
D, Robey E. 1997. Notch activity influences the ab versus gd T cell
lineage decision. Cell 88:833-843.

. Milner LA, Bigas A, Kopan R, Brashem-Stein C, Berstein ID. 1996.

Inhibition of granulocytic differentiation by mNotch1. Proc Natl Acad
Sci USA 93:13014-13018.

Bigas A, Martin DIK, Milner LA. 1988. Notch1 and Notch2 inhibit
myeloid differentiation in response to different cytokines. Mol Cell Biol
18:2324-2333. )

Herreman A, et al. 1999. Presenilin 2 deficiency causes a mild
pulmonary phenotype and no changes in amyloid precursor protein
processing but enhances the embryonic lethal phenotype of presenilin
1 deficiency. Proc Natl Acad Sci USA 96:11872-11877.

Krebs LT, et al. 2000. Notch signaling is essential for vascular morpho-
genesis in mice. Genes. Dev 14:1343-1352,

Xue Y, Gao X, Lindsell CE, Norton CR, Chang B, Hicks C. Gendron-
Macguire M, Rand EB, Weinmaster G, Gridley T. 1999. Embryonic
lethality and vascular defects in mice facking the Notch ligand
Jagged1. Hum Mol Genet.

Lawson ND, Scheer N, Pham VN, Kim C, Chitnis AB, Campos-Ortega
JA, Weinstein BM. 2001. Notch signaling is required for arterial-venous
differentiation during embryonic vascular development. Development
128:3675-3683.

Zhong TP, Childs S, Leu JP, Fishman MC. 2001. Gridlock signalling
pathway fashions the first embryonic artery. Nature 414:216-220.
Artavanis-Tsakonas S, Rand MD, Lake RJ. 1999. Notch signaling: Cell
fate control and signal integration in development. Science 284:
770-776. .
Lewis J. 1998. Notch signaling and the control of cell fate choices in
vertebrates. Semin Cell Dev Biol 9:583-589.

Weinmaster G. 1998. Notch signaling: direct or what? Curr Opin Genet
Dev 8:436-442.

De Strooper B, et al. 1999. A presenilin-1-dependent gamma-
secretase-like protease mediates release of Notch intracellular domain.
Nature 398:518-522.

Jarriault S, Brou C, Logeat F, Schroeter EH, Kopan R, Israel A. 1995.
Signaling downstream of activated mammalian Notch. Nature
377:355-358.

Lai EC. 2002. Keeping a good pathway down: transcriptional
repression of Notch pathway target genes by CSL proteins. EMBO
3:840-845.

48.

49.

50.

51.

52.

53.

85.

56.

57.

58.

59.

60.

61.

82.

63.

64.

65.

66.

67.

68.

Martinez-Arias A, Zecchini V, Brennan K. 2002. CSl-independen:
Notch signalling: A checkpoint in cell fate decisions during develop-
ment. Genes Dev 12:524-533.

Davis RL, Turner DL."2001. Vertebrate hairy and Enhancer of split
related proteins: transcriptional repressors regulating cellular differ-
entiation and embryonic patterning. Oncogene 20:8342-8357.
Nakagawa O, McFadden DG, Nakagawa M, Yanagisawa H, Hu T,
Srivastava D, Olson EN. 2000. Members of the HRT family of basic
helix-loop-helix proteins act as transcriptional repressors downstream
of Notch signaling. Proc Nati Acad Sci USA 97:13655-13660.
Matsuno K, Go MJ, Sun X, Eastman DS, Artavanis-Tsakonas S. 1997.
Suppressor of Hairless-independent events in Notch signaling imply
novel pathway elements. Development 124:4265-4273.

Gupta-Rossi N, Le Bail O, Gonen H, Brou C, Logeat F, Six E,
Ciechanover A, Israel A. 2001. Functional interaction between SEL-10,
an F-Box protein, and the nuclear form of activated Notch1 receptor.
J Biol Chem 276:34371-34378. .

Wu G, Lyapina SA, Das |, Li J, Gurney M, Pauley A, Chui |, Deshaies
RJ, Kitajewski J. SEL-10 is an inhibitor of notch signaling that targets
notch for ubiquitin-mediated protein degradation. Mol Cell Biol 21:
7403-7415.

. Oberg C, Li J, Pauley A, Wolf E, Gurney M, Lendahl U. 2001. The Notch

intracellular domain is ubiquitinated and negatively regulated by the
mammalian Sel-10 homolog. J Biol Chem 276:35847-35853.
Karkkainen MJ, Makinen T, Alitalo K. 2002. Lymphatic endothelium: a
new frontier of metastasis research. Nat Cell Biol 4:E2-E5.

Bautch VL. 2002. Embryonic stem cell differentiation and the vascular
lineage. Methods Mot Biol 185:117-125. .

del Amo FF, Gendron-Macguire M, Swiatek PJ, Jenkins NA, Copeland
NG, Gridley T. 1993. Cioning, analysis, and chromosomal localization
of Notch-1, a mouse homolog of Drosophila Notch. Genomics 15:259-
264.

Shirayoshi Y, Yuasa Y, Suzuki T, Sugaya K, Kawase E, Ikemura T,
Nakatsuji N. 1997. Proto-oncogene of int-3, a mouse Notch homologue,
is expressed in endothelial cells during early embryogenesis. Genes
Cells 2:213-224.

Swiatek PJ, Lindsell CE, Franco del Amo F, Weinmaster G, Gridley T.
1994. Notch 1 is essential for postimplantation development in mice.
Genes Dev 8:707-719.

Uyttendaele H, Ho J, Rossant J, Kitajewski J. 2001. Vascular patterning
defects associated with expression of activated Notch4 in embryonic
endothelium. Proc Nati Acad Sci USA 98:5643-5648.

Adams RH, Wilkinson GA, Weiss C, Diella F, Gale NW, Deutsch U,
Risau W, Klein WR. 19989. Role of ephrinB ligands and EphB receptors

_in cardiovascular development: demarcation of arterial/venous do-

mains, vascular morphogenesis, and sprouting angiogenesis. Genes
Dev 13:295-306.

Lindahl P, Hellstrom M, Kalen M, Karlsson L, Pekny M. 1998. Paracrine
PDGF-B/PDGF-Rbeta signaling controls mesangial cell development in
kidney glomeruli. Development 125:3313-3322,

Lindahl P, Johansson BR, Leveen P, Betsholtz B. 1997. Pericyte loss
and microaneurysm formation in PDGF-B-deficient mice. Science
277:242-245,

Hellstrom M, Kalen M, Lindahl P, Abramsson A, Betsholtz B. 1999. Role
of PDGF-B and PDGFR-B in recruitment of vascular smooth muscle
cells and pericytes during embryonic blood vessel formation in the
mouse. Development 126:3047-3055.

Gerety SS, Anderson DJ. 2002. Cardiovascular ephrinB2 function is
essential for embryonic angiogenesis. Development 129:1397-1410,
Suri C, Jones PF, Patan S, Bartunkova S, Maisonpierre PC, Davis S,
Sato TN, Yancopoulos GD. 1996. Requisite role of Angiopoietin-1, a
ligand for the TIE2 receptor during embryonic angiogenesis. Celf 87:
1171-1180.

Sato TN, Tozawa Y, De&{sch U, Wolburg-Buchholz K, Fujiwara Y,
Gendron-Macguire M, Gridley T, Wolburg H, Risau W, Quin Y. 1995.
Distinct Roles of the receptor tyrosine kinases Tie-1 and Tie-2 in blood
vessel formation. Nature 376:70-74.

Dumont DJ, Gradwohl G, Fong G-H, Puri MC, Gerstenstein M,
Auerbach A, Breitman ML. 1994. Dominant-negative and targeted
null mutations in the endothelial receptor tyrosine kinase, tek, reveal

BioEssays 26.3 233



Review articles

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

a critical role in vasculogenesis of the embryo. Genes Dev 8:1807-
1909.

Ferrara N, Bunting S. 1996. Vascular endothelial growth factor, a
specific regulator of angiogenesis. Curr Opin Nephrol Hypertens 5:
35-44.

Villa N, Walker L, Lindsell CE, Gasson J, lruela-Arispe ML, Weinmaster
G. 2001. Vascular expression of Notch pathway receptors and ligands
is restricted to arterial vessels. Mech Dev 108:161-164.

Brennan J, Karl J, Capel B. 2002. Divergent vascular mechanisms
downstream of Sry establish the arterial system in the XY gonad. Dev
Biol 244:418-428,

Shawber CJ, Das |, Francisco E, Kitajewski J. 2003. Notch signaling in
primary endothelial cefls. Ann N Y Acad Sci 995:162-170.

Donovan J, Kordylewska A, Jan Y, Utset M. 2002. Tetralogy of fallot
and other congenital heart defects in hey? mutant mice. Curr Biol
12:1605.

Gessler M, Knobeloch KP, Helisch A, Amann K, Schumacher N,
Rohde E, Fischer A, Leimeister C. 2002. Mouse gridlock: no aortic
coarctation or deficiency, but fatal cardiac defects in Hey2-/- mice.
Curr Biol 12:1601-1604.

Sakata Y, Kamei CN, Nakagami H, Bronson R, Liao JK, Chin MT. 2002.
Ventricular septal defect and cardiomyopathy in mice lacking the
transcription factor CHF1/Hey2. Proc Natl Acad Sci USA 99:16197~
16202.

Chien KR, Olson EN. 2002. Converging pathways and principles in
heart development and disease: CV@CSH. Cell 110:153-162.
Lawson ND, Voge!l AM, Weinstein BM. 2002. Sonic Hedgehog
and Vascular Endothelial Growth Factor act upstream of the Notch
pathway during arterial endothelial differentiation. Dev Cell 3:127-
136.

Visconti RP, Richardson CD, Sato TN. 2002. Orchestration of angio-
genesis and arteriovenous contribution by angiopoietins and vascular
endothelial growth factor VEGF. Proc Natl Acad Sci USA 99:8219-
8224,

Mukouyama YS, Shin D, Britsch S, Taniguchi M, Anderson DJ. 2002.
Sensory nerves determine the pattern of arterial differentiation and
blood vessel branching in the skin. Cell 109:693-705.

Liu Z-J, Shirakawa T, Li Y, Soma A, Oka M, Dotto P, Fairman RM,
Velazquez OC. Herlyn M. 2003. Regulation of Notch1 ang Dil4 by
vascular endothelial growth factor in arterial endothelial cells: implica-
tion for modulating arteriogenesis and angiogenesis. Mol Cell Biol
23:14-25.

Viitanen M, Kalimo H. 2000. CADASIL: Hereditary arteriopathy
leading to multiple brain infarcts and dementia. Ann NY Acad Sci
903:273-284. .

Brulin P, Godfraind C, Leteurtre £, Ruchoux MM. 2002. Morphometric
analysis of ultrastructural vascular changes in CADASIL: analysis of
50 skin biopsy specimens and pathogenic implications. Acta Neuro-
pathol 104:241-248.

Uyama E, Tokunaga M, Suenaga A, Kotorii S, Kamimura K,
Takahashi K, Tabira T, Uchino M. 2000. Arg133Cys mutation of Notch3
in two unrelated Japanese families with CADASIL. Intern Med 39:732-
737.

Joutel A, et al. 2001. Skin biospy immunostaining with a Notch3
monoclonal antibody for CADASIL diagnosis. Lancet 358:2049-2051.
Smith BW, Henneberry J, Connolly T. 2002. Skin biopsy findings in
CADASIL. Neurology 59:961.

Ruchoux MM, Domenga V, Brulin P, Maciazek J, Limo!l S, Tournier-
Lasserve E, Joute! A. 2003. Transgenic mice expressing mutant Notch3
develop vascular alierations characteristic of cerebral autosomal
dominant arteriopathy with subcortical infarcts and leuckoencephalo-
pathy. Am J Path 162:329-342.

87.

88.

89.

90.

92,

93.

94.

96.

97.

98.

99.

100.

101.

102.

108.

104.

Wang W, Prince CZ, Mou Y, Pollman MJ. 2002. Notch3 signaling in
vascular smooth muscle cells induces c-FLIP expression via ERK/
MAPK activation. J Biol Chem 277:21723-21729.

Wang W, Prince CZ, Hu X, Poliman MJ. 2003. HRT1 modulates
vascular smooth muscle cell proliferation and apoptosis. Biochem
Biophys Res Commun 308:596-601.

Beatus P, Lundkvist J, Oberg C, Lendaht U. 1999. The Notch3
intracellular domain represses Notchi-mediated activation through
Hairy/Enhancer of split (HES) promoters. Development 126:3925-
3935.

Saxena MT, Schroeter EH, Mumm JS, Kopan R. 2001. Murine notch
homologs (N1-4) undergo presenilin-dependent proteolysis. J Biol

- Chem 276:40268-40273.
1.

Loomes KM, Taichman DB, Glover CL, Wiliams PT, Markowitz JE,
Piccoli DA, Baldwin HS, Oakey RJ. 2002. Characterization of Noich
receptor expression in the developing mammalian heart and liver.
Am J Med Genet 112:181-189.

Loomes KM, Underkoffler LA, Morabito J, Gottlieb S, Piccoli DA,
Spinner NB, Baldwin HS, Oakey RJ. 1999. The expression of Jagged1
in the developing mammalian heart correlates with cardiovascular
disease in Alagille syndrome. Hum Mol Genet 8:2443-2449.
McCright B, Gao X, Shen L, Lozier J, Lan Y, Maguire M, Herzlinger D,
Weinmaster G, Jiang R, Gridley T. 2001. Defects in development of
the kidney, heart and eye vasculature in mice homozygous for a
hypomorphic Notch2 mutation. Development 128:491-502.

McCright B, Lozier J, Gridley T. 2002. A mouse model of Alagille
syndrome: Notch2 as a genetic modifier of Jag1 haploinsufficiency.
Development 129:1075-1082.

. Spinner NB, Colliton RP, Crosnier C, Krantz ID, Hadchoue! M, Meunier-

Rotival M. 2001. Jagged1 mutations in alagille syndrome. Hum Mutat
17:18-33.

Krantz ID, Piccoli DA, Spinner NB. 1999. Clinical and molecular
genetics of Alagille syndrome. Curr Opin Pediatr 11:558-564.
Morrissette JJD, Colliton RP, Spinner NB. 2001. Defective intracellular
transport and processing of JAG1 missense mutations in Alagille
syndrome. Hum Mol Genet 10:405-413.

Le Caignec C, Lefevre M, Schott JJ, Chaventre A, Gayet M, Calais C,
Moisan JP. 2002. Familial deafness, congenital heart defects. and
posterior embryotoxon caused by cysteine substitution in the first
epidermal-growth-factor-like domain of jagged 1. Am J Hum Genet
71:180-186.

Kohsaka T, Yuan ZR, Guo SX, Tagawa M, Nakamura A, Nakano M,
Kawasasaki H, Inomata Y, Tanaka K, Miyauchi J. 2002. The significance
of human jagged 1 mutations detected in severe cases of extrahepatic
biliary atresia. Hepatology 36:904-912.

Shiojiri N, Inujima S, Ishikawa K, Terada K, Mori M. 2001. Cell lineage
analysis during liver development using the spf{ash)-heterozygous
mouse. Lab Invest 81:17-25.

Krantz ID, Smith R, Colliton RP, Tinkel H, Zackai EH, Piccoli DA,
Goldmuntz E, Spinner NB. 1999. Jagged1 mutations in patients
ascertained with isolated congenital heart defects. Am J Med Gene!
84:56-60.

Lindner V, Booth C, Prudovsky |, Small D, Maciag T, Liaw L. 2001.
Members of the Jagged/Notch gene families are expressed in injured
arteries and regulate cell phenotype via alteration in celt matrix and
cell-cell interations. Pathology 159:875-883.

Maithos C, Modlich U, Lewis J, Harris A, Bicknell R, Ish-Horowicz D.
2001. Delta4, an endothelial specific Notch ligand expressed at sites
of physiological and tumor angiogenesis. Differentiation 69:135-144.
Ondine C, Krieg P. 1998. VEGF mediates angioblast migration during
development of the dorsal aorta in Xenopus. Development 125:3905-
3915.

234 BioEssays 26.3




